Chapter 2
Sodium Hydroxide for Clean Hydrogen
Production

Abstract Hydrogen can be generated in several ways utilizing either renewable or
non-renewable sources. However, the lack of a clean hydrogen generation methods
at a large scale is considered to be one of the obstacles to implement hydrogen
economy. The role of sodium hydroxide is increasing as a valuable ingredient to
produce hydrogen. However, the vast use of sodium hydroxide is limited due to its
(1) corrosive nature and (ii) high-energy-intensive production method. Various
current technologies include sodium hydroxide to lower the operating temperature,
accelerate hydrogen generation rate as well as sequester carbon dioxide during
hydrogen production. Sodium hydroxide finds applications in all the major
hydrogen production methods such as steam methane reforming (SMR), coal
gasification, biomass gasification, electrolysis, photochemical and thermochemical.
Sodium hydroxide, being alkaline, acts as a catalyst, promoter or even a precursor.

Keywords Hydrogen economy - Energy-intensive - Sequester - Steam methane
reforming - Coal/biomass gasification - Electrolysis - Photochemical/thermochemical

2.1 Introduction

Hydrogen has a potential to become an environmentally benign energy carrier for
the future. However, clean production methods for hydrogen are yet to be identi-
fied. Hydrogen’s source is either hydrocarbons or water. The primary methods for
the generation of hydrogen involve reactions of coal, char, or hydrocarbons with
steam at high temperatures. Hydrocarbons are preferred because of their inherent
advantages such as their availability, comparable cost, ease of storage and
distribution, and relatively high H/C ratio [1]. As stated earlier, water can also
produce H, (electrolysis process). However, the electrolysis of water is a very
energy-intensive process. As burning of fossil fuel is the main energy source for
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water electrolysis, splitting of water into its chemical constituents (H, and O,)
indirectly leads to vast carbon dioxide emissions. Because of the aforementioned
reasons, it seems certain that hydrocarbons are likely to play a significant role in
hydrogen production in the near- to medium-term future.

The methods for hydrogen production using hydrocarbon feedstock can be
categorized either as follows:

(a) Oxidative (uses oxidants or their combination—O,, H,O, CO,) or
(b) Non-oxidative (splitting of the C—H bond using energy input).

Most of the industrial hydrogen production processes (e.g., steam methane ref-
ormation (SMR), partial oxidation, auto-thermal reforming) belong to the oxidative
category. The use of oxidants is always accompanied by the vast release of carbon
dioxide. A typical oxidant-based hydrogen plant with a capacity of 2.5 million m’
hydrogen per day vents 1 million m® of CO, into the atmosphere [1]. Fortunately, the
non-oxidative method does not require any oxidant, and therefore, no carbon dioxide
is directly emitted via this process. However, the non-oxidative method (e.g., water
electrolysis) produces carbon dioxide indirectly through the consumption of
fossil-derived electricity.

Of course, the aim is to mitigate carbon emission during hydrogen production.
The possible ways are as follows:

(a) use of carbon dioxide absorption unit at a hydrogen plant,
(b) use of nuclear reactors, and/or
(c) thermal dissociation of hydrocarbons into hydrogen and carbon.

However, none of these technologies can completely curb CO, emissions and
they tend to emit greenhouse gases directly or indirectly. Thus, at present, all these
suggested methods have their own limitations. For instance, the integration of
carbon dioxide capture unit with hydrogen production process would increase the
cost of hydrogen production by about 25-30 % [2]. In the same line, the use of
nuclear reactors for hydrogen production gained substantial attention in the last
decade because nuclear reactors already produce enough heat for changing water
into steam and the electricity for splitting the steam down into hydrogen and
oxygen. However, these nuclear reactors are very expensive and cannot be eco-
nomically feasible to serve world energy demand. As mentioned earlier, another
possible way is to thermally dissociate hydrocarbons to produce hydrogen and solid
carbon. The thermal dissociation process produces solid carbon, which is far easier
to separate compared to gaseous carbon dioxide. It is noteworthy that such method
is free of CO, separation step, which is highly energy-intensive process. However,
at present, the thermal dissociation process itself is fossil-derived and thus cannot
eliminate the emission of CO,.

Currently, there are no other known methods of hydrogen production that do not
involve carbon emission, other than those using non-fossil energy. Having this in
mind, fossil fuel-based processes that can mitigate carbon dioxide will be worth
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investigating. Recently, many researchers have proposed the inclusion of sodium
hydroxide to the existing hydrogen production technologies. For instance,
Reichman et al. [3] suggested a process called Ovonic Renewable Hydrogen
(ORH). This method involves sodium hydroxide for the reformation of organic
matter to produce hydrogen gas. Moreover, Onwudili and William [4] used sodium
hydroxide as a promoter to produce hydrogen gas via hydrothermal gasification of
glucose and other biomass samples. Similarly, Kamo et al. [5] pyrolyzed dehy-
drochlorinated polyvinyl chloride (PVC) and activated carbon with sodium
hydroxide and steam to generate hydrogen gas and sodium carbonate with methane,
ethane, and carbon dioxide as by-products.

The use of sodium hydroxide for the production of hydrogen has been in
application since the nineteenth century. Sodium hydroxide has been proposed as
an essential ingredient for most of the present hydrogen producing technologies.
Below, sodium hydroxide-based modifications for the methods using fossil fuels,
biomass, metal, organic compounds, and water are reviewed. The related concepts
and their results are discussed in the following sections.

2.1.1 Overview of Sodium Hydroxide (NaOH)

Previous technology for sodium hydroxide production involved mixing of calcium
hydroxide with sodium carbonate. This process was named as “causticizing.”

Ca(OH),(aq.) + Na,CO3(s) = CaCO; | +2NaOH (aq.) (2.1)
Currently, sodium hydroxide is produced by the electrolysis of brine (NaCl):
2NaCl + 2H,0 =2NaOH + Cl, T +H 1 (2.2)

Reaction (2.2) is an energy-intensive process and thus has significant carbon
footprint. Besides sodium hydroxide, reaction (2.2) also produces toxic chlorine
and hydrogen as by-products. It is necessary to modify reaction (2.2) in such a way
that can significantly reduce the emission of CO, and toxic chlorine to the
atmosphere.

Figure 2.1 illustrates the membrane cell used for the electrolysis of brine [6]. The
three commercially available production methods for sodium hydroxide are com-
pared here (Table 2.1). The strength of soda solutions and amount of required steam
varies for different production methods. As a diaphragm cell produces the least
concentrated soda solutions, evaporation is required to raise the concentration up to
50 wt% solution as in mercury cell process.
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Fig. 2.1 Membrane cell process schematic for the production of sodium hydroxide previously
published in [6], with permission from Formatex Research Center © 2013

Table 2.1 Comparison of the commercially available production methods for NaOH [81]

Factors Diaphragm Mercury Membrane
Use of mercury No Yes No
Chlorine as a by-product Yes No Yes
Operating current density (kA/m?) 0.9-2.6 8-13 3-5

Cell voltage (V) 2.9-3.5 3.9-4.2 3.0-3.6
NaOH strength (wt%) 12 50 33-35
Energy consumption (kWh/Mt Cl,) at a 2,720 (1.7) 3,360 (10) 2,650 (5)
current density (kA/mz)

Steam consumption (kWh/MT Cl,) for 610 0 180
concentration to 50 % NaOH

% NaOH produced in USA 62 10 24

2.2 Hydrogen Production
2.2.1 Fossil Fuels

Currently, SMR is the most common and the least expensive industrial technology
to produce hydrogen [7]. Methane reacts at a high temperature (700-1,100) °C with

steam to form syngas (CO + H,).
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CH4(g) + HZO(g) = CO(g) + 3H2(g)AH1227 oc = 397 kJ/IIlOl (23)

Syngas can further react with steam to form additional hydrogen at a lower
temperature.

CO(g) + H>0(g) = CO(g) + Ha(g) AHzz7:c = —242 kJ/mol (2.4)
Thus, the combined reaction is
CH,(g) + 2H,0(g) = CO,(g) + 4Hy(g) 4Hy,,.c = 431 kJ /mol (2.5)

The enthalpy change (AH) is provided for temperatures at which the reaction is
producing the maximum hydrogen and calculated using FACTSAGE™ software. It
should be noted that the equilibrium values of the gases are different from what is
given by stoichiometric proportions of species on the product side of the equations.

Figure 2.2 depicts the simplified block diagram of SMR technique equipped with
carbon dioxide absorption unit and a methanation reactor. The main operating units
include natural gas feedstock desulphurization, catalytic reforming, water—gas shift
reactor, and CO, gas separation and hydrogen purification [8].

In the desulfurization unit, sulfur-based organic compounds (such as thiols) are
first converted into H,S by catalytic hydrogenation reaction (Co—Mo catalysts, 290—
370 °C) [9]. Further, H,S reacts with ZnO to form ZnS. (H,S + ZnO —
ZnS + H,0, 340-390 °C). Natural gas feedstock must be pretreated before mixing
with steam (2.6 MPa). And then, the mixture should be heated to 500 °C prior to
sending the SMR unit. SMR is favored by low pressure and performed in the
reactor at usually 2.0-2.6 MPa. The gaseous mixture (H,, CO and steam) leaves the
reformer at 800-900 °C. It is cooled rapidly to 350 °C and fed to the water—gas shift
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Fig. 2.2 A schematic of hydrogen production by SMR—with solvent removal of CO, and a
methanation unit [8]
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reactor, where reaction (2.4) is operated. Reaction (2.4) produces hydrogen and
carbon dioxide. Carbon dioxide is captured using amine-based solvent—mono-
ethanolamine (MEA). And the remaining residuals, CO, and CO, are fed to
methanation reactor, where the mixture is converted to CH4 in the presence of
hydrogen (320 °C, Ni or Ru on oxide support as catalyst) [8].

Interestingly, a simple calculation shows that about 10.5 g of CO, is emitted per
gram of H, production via SMR technique. Such an undesired vast emission of CO,
endangers the prolonged use of conventional SMR technique to produce hydrogen.
However, as mentioned earlier, the integration of an amine-based CO, capture unit
to hydrogen production process would significantly increase the cost of hydrogen
per ton. Therefore, at present, most of the SMR sites are not equipped with CO,
absorber unit.

In this regard, several new methods are proposed that could solve the existing
problems [10-15]. Berthelot described the reaction between NaOH and CO which
yields sodium formate (HCOONa). When heated above 250 °C, HCOONa trans-
forms into oxalate with the release of hydrogen:

NaOH (s) + CO(g) = HCOONa (s) (2.6)
2HCOONa(s) = Na,Cr04(s) + Ha(g) (2.7)

In 1918, Boswell and Dickson demonstrated that when carbon monoxide is
heated with excess of sodium hydroxide at temperatures at which formate is
transformed into oxalate, oxidation almost quantitatively convert to carbon dioxide
occurs with the evolution of an equivalent amount of hydrogen [16]:

2 NaOH(s) + CO(g) = Na,COs(s) + Ha(g) (2.8)

Similarly, Saxena proposed the inclusion of sodium hydroxide as an additional
reactant to the conventional SMR system. The addition of sodium hydroxide serves
the dual purpose of carbon sequestration and H, production [17].

2NaOH(s) + CHy4(g) + HoO(g) = Nap,CO;5(s) + 4Ha(g) AHa7-c = 244 kJ/mol
(2.9)

Figure 2.3 compares the standard SMR (5) and modified SMR (9). It can be
observed from the phase equilibrium diagram that unlike modified SMR method,
conventional SMR technique produces a more complex composition of gas (CO,
CO,, H,0, H,) and also requires comparatively more energy (431 kJ/mol at 927 °C
versus 244 kJ/mol at 427 °C).

Coal gasification is another well-established technology to produce hydrogen.
However, it is also an energy-intensive process. Here, oxygen or steam is passed
over coal to produce a gaseous mixture of H,, CO, and CO, from which H, is
separated (Fig. 2.4).
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2C(s) + 3H,0(g) — CO(g) + CO(g) + 3Hy(g) AHazzec = 95.73 kJ/mol
(2.10)

Coal-made hydrogen has applications in the production of ammonia, methanol,
methane, and Fischer—Tropsch products. However, coal gasification suffers critical
limitations [1], and it is given as follows:

(a) not as cost-effective as producing hydrogen from oil or natural gas;
(b) an endothermic reaction; and
(c) with vast emission of CO,.

Figure 2.5 illustrates the thermodynamic calculation on [NaOH(s) + C(s) + H,O
()] using Factsage™ software. The inclusion of sodium hydroxide to the coal—
steam system can significantly reduce the energy input (95.73 kJ/mol reduced to
64.58 kJ/mol at 327 °C) [18]. The system not only captures CO, in the form of soda
ash but also produces hydrogen. Moreover, the system does not produce complex
mixture of gases.



18 2 Sodium Hydroxide for Clean Hydrogen Production
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2NaOH(s) + C(g) + HyO(g) = Na,CO;5(s) + 2H,(g) AHazzec = 64.58 kJ/mol
(2.11)

Table 2.2 summarizes the thermodynamic calculation and the effect for the
addition of sodium hydroxide to methane and coal. It can be observed that the
inclusion of alkali reduces both the operating temperature and carbon dioxide
emission. As a consequence, the amount of coal required to run these processes is
also reduced. Table 2.2 summarizes the inclusion of sodium hydroxide to CH, and
C in the presence of steam. Sodium hydroxide captures CO, and forms sodium
carbonate (Na,CO3), which has huge application in different chemical sectors such
as glass manufacturing, electrolyte, textiles, and domestic use.

Sodium hydroxide is already in use for hydrogen production at industrial scale.
For instance, the black liquor gasification process utilizes alkali hydroxide to serve
the dual purpose of hydrogen production and carbon sequestration. In a typical
pulping process for paper production, approximately one-half of the raw materials
are converted to pulp and other half are dissolved in the black liquor. The black
liquor solution consists of well-dispersed carbonaceous material, steam, and alkali

Table 2.2 Thermodynamic properties for different hydrogen production methods after inclusion
of NaOH [82]

CH, + H,O NaOH + CH4 + H,O C + H,O NaOH + C + H,0
Temperature (°C) 700-1,100 600-800 800-1,200 500-700
Enthalpy (AH, kJ/mol) 431 (927 °C) 244 (427 °C) 95.73 (327 °C) 64.58 (327 °C)
Mixture of product gases CO, CO,, Hy H, CO, CO,, H, H,
Coal/H, (g/g) 1.64 0.93 3.73 3.49
CO./H; (g/g) 10.5 3.41 13.67 1.80
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metal which are burned to provide part of energy for the plant. Due to the presence
of carbonaceous material and water in the liquor, the following carbon-water
reaction dominates:

C(s) + H20(g) = CO(g) + Ha(g) (2.12)
CO(g) + H,0(g) = COs(g) + Ha(g) (2.13)

However, due to the thermodynamic limitations, reaction (2.13) never proceeds
toward completion; therefore, hydrogen concentration does not exceed a certain
limit. Interestingly, in the presence of NaOH, CO, capture medium, the equilibrium
can be shifted to drive reaction (2.13) toward completion and therefore maximize
hydrogen concentration. Consequently, the concentration of CO and CO, is
reduced significantly in the product gases.

It is noteworthy that the modifications based on the use of sodium hydroxide
cannot be considered as a solution on the global scale. Sodium hydroxide itself is
produced using electrolysis of brine which is a highly energy-intensive process.

2.2.2 Biomass

Biomass is a renewable energy source and is regarded as a carbon-neutral fuel. It
consumes the same amount of carbon while growing as much it releases when burnt
as a fuel.

Biomass gasification means incomplete combustion of biomass resulting in the
production of combustible gases consisting of CO, H,, and traces of CH,.

Biomass + heat + steam — H, + CO + CO, + CHy4
+ Light/Heavy hydrocarbons + Char (2.14)

The major challenges that the gasification process mainly faces are as follows:
(1) undesirable tar formation and (2) huge carbon emission. The tar may cause the
formation of tar aerosol and a more complex polymer structure, which are not
favorable for hydrogen production through steam reformation. The suggested
solutions to minimize tar formation are as follows:

(a) proper designing of gasifier;
(b) proper control and operation; and
(c) use of additives or catalysts.

The addition of sodium hydroxide to biomass gasification can solve some of the
existing problems [19]. Firstly, inclusion of sodium hydroxide can reduce the
carbon emission. Cellulose [CsHi9Os], D-glucose [Ce¢H[,Og], and sucrose
[C12H2,04,] react with water vapor in the presence of sodium hydroxide to form
sodium carbonate and hydrogen. The mechanism of the alkali-promoted reaction
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suggests that the dehydrogenation of cellulose in presence of Na* and OH™ ions
yields hydrogen. The concentration of Na* and OH™ ions strongly influences the
dehydrogenation of cellulose [20, 21]. However, the product also consists of
hydrocarbons such as CH, and lowers the percentage of hydrogen yield. But nickel
catalysts supported on alumina can reduce the formation of CH, and maximize the
hydrogen yield [4, 20-22].

Secondly, sodium hydroxide can also reduce the pyrolysis temperature of bio-
mass species [23]. Sodium ions, being small, can penetrate into the biomass texture
and break the hydrogen bridges. Consequently, devolatilization occurs rapidly. Su
et al. used a new catalyst derived from sodium aluminum oxide (Al,03.Na,0),
Al,03.Na,0.xH,0/NaOH/AI(OH)3, to increase the hydrogen yield for steam gas-
ification of cellulose. The gasification temperature was kept below 500 °C to pre-
vent any tar formation [24, 25].

Sodium hydroxide acts as a promoter of hydrogen gas during the hydrothermal
gasification of glucose and other biomass samples. However, the cost of alkali
metal and its proper recycling are major concerns for the use of sodium hydroxide
in the biomass gasification.

2.2.3 Metals

Metals can react with sodium hydroxide in the presence or absence of water to
produce hydrogen. Transition metal reacts with sodium hydroxide to form metal
oxides and hydrogen [26]. Ferrosilicon too generates hydrogen on reacting with
sodium hydroxide [27].

Here, the reaction of aluminum (the most abundant metal in Earth’s crust) is
considered with sodium hydroxide in the presence of water vapor. As can be
expected, hydrogen gas is generated from the chemical reaction between Al and
water (3.7 wt% H,, theoretical yield) [28]. AI/H,O system is indeed a safe method
to generate hydrogen. But the system has kinetic limitations as the metal surface
passivation in neutral water occurs more easily and the metal activity with water is
extremely low. Thus, aluminum activity in water needs to be improved. To solve
the problem of surface passivation of Al, various solutions have been suggested so
far. The solutions either include the addition of hydroxides [29, 30], metal oxides
[31, 32], selected salts [33, 34], or alloying Al with low melting point metal
[35-38]. The alkali-promoted AI/H,O system is favored over other metal systems
because of the high hydrogen generation rate.

The reaction between Al and H,O with sodium hydroxide solution produces
hydrogen, which can be expressed as follows:

2Al + 6H,0 + NaOH — 2NaAl(OH), | +3H, (2.15)

NaAl(OH), — NaOH + Al(OH), | (2.16)
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Sodium hydroxide consumed for the hydrogen generation in exothermic reaction
(2.15) will be regenerated through the decomposition of NaAl(OH), via reaction
(2.16). Reaction (2.16) also produces a crystalline precipitate of aluminum
hydroxide. The combination of above two reactions completes the cycle and
demonstrates that only water will be consumed in the whole process if the process is
properly monitored. Some of the previous work conducted in this sphere reported
kinetics of the reaction between Al and H,O with sodium hydroxide solution and
calculated the activation energy in the range of 42.5-68.4 kJ/mol [39, 40].

Many researchers examined the effects of other crucial parameters that control
the hydrogen generation properties for alkali-assisted Al/H,O system. The param-
eters include temperature, alkali concentration, morphology, initial amount of Al,
and concentration of aluminate ions [41, 42]. Moreover, Soler et al. compared the
hydrogen generation performance for three different hydroxides: NaOH, KOH, and
Ca(OH),. They observed that sodium hydroxide solution consumes Al faster
compared with other two hydroxides [42]. Similarly, S.S. Martinez et al. treated
Al-can wastes with NaOH solution at room temperature to generate pure hydrogen.
The by-product (NaAl(OH),) was used to prepare a gel of AI(OH); to treat drinking
water contaminated with arsenic [43].

2.2.4 Water-Splitting Thermochemical Cycle

Water is a basic source of hydrogen. However, direct splitting of water in hydrogen
and oxygen requires huge amount of energy. Therefore, researchers are exploring
innovative methods to resolve such issue. One interesting concept is the utilization
of renewable sources (such as solar energy) to split water in the presence of metal
oxides [44-46]. Figure 2.6 illustrates this concept, which commonly known as
water-splitting thermochemical cycles.

The figure conveys a three-step water-splitting process:

1. reduction of oxides (energy-intensive process, 800—1,000 °C)

2. reaction of reduced oxide with sodium hydroxide (hydrogen generation step),
and

3. hydrolysis reaction (sodium hydroxide recovery step).

(I) MO(ox) = MO(red) + 0.50; (2.17)
(I1) MO(red) + 2 NaOH = Na,O - MO(ox) + H, (2.18)
(II) Na O - MO(0x) + H,0 = MO(ox) + 2NaOH (2.19)

Any thermodynamically favorable oxide can be selected to generate hydrogen. Thus,
so far, a large number of oxides have been considered. The water-splitting
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thermochemical cycle reactions can be mainly classified as (1) two-step
water-splitting process [47-51] (2) iodine—sulfur process [52-54] and (3) calcium—
bromine process [55-57].

Table 2.3 summarizes the findings for various alkali metals used for water-
splitting thermochemical cycles. Sodium hydroxide is able to generate hydrogen at
a reduced temperature. Recently, Miyoka et al. [58] considered sodium redox
reaction and conducted several experiments in a non-equilibrium condition but
could not achieve a 100 % conversion. It was attributed to the slow kinetics of both
the hydrogen generation reaction and sodium recovery. Moreover, sodium
hydroxide facilitates oxidation in the water-splitting step. But the volatility of
sodium hydroxide at temperatures higher than 800 °C and incomplete Na*
extraction by water to recover sodium hydroxide limit its application. Several
research groups concluded that even though sodium- or sodium hydroxide-assisted
reaction has major advantages, their recovery could be a big challenge. In the same
line, Weimer et al. recommend membrane separation to recover sodium hydroxide
[59]. In recent times, few researchers also investigated the use of Na,CO;3 as an
alternative to NaOH [60-62].

Besides sodium hydroxide recovery, there are other limitations too. For instance,
the reduction of oxides requires very high temperature. To attain such high tem-
perature, a large-scale solar heat plant will be required. At present, the construction
of a large thermochemical hydrogen plants is limited by the location, cost,
and safety issues. Therefore, techniques to lower the operation temperature of
water-splitting process should be investigated. A low temperature water-splitting
process will allow the utilization of small-scale solar heat systems or even exhaust
heat from industries. As sodium hydroxide can significantly reduce the operation
temperature of the water-splitting process, it could be considered for such use.
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2.2.5 Organic Compounds

2.2.5.1 Formic Acid (HCOOH)

Formic acid and its solution are industrial hazards. Any use of such chemical waste
will be of a great advantage for environment. Formic acid can produce hydrogen
using two methods: (1) thermo catalytic decomposition and (2) electrolysis in the
presence of sodium hydroxide.

Formic acid thermally decomposes to produce H, and CO,
[HCOOH (1) — H; (g) + CO, (g), AG® = —32.9 kJ/mol, AH® = 31.2 kJ/mol)], the
reversible reaction of CO, hydrogenation [63-71]. Electrolysis of formic acid
solutions in the presence of sodium hydroxide requires theoretically much lower
energy than water [72]. The electrochemical reaction for the electrolysis of formic
acid solutions is as follows [73]:

Anode: HCOOH + OH" — CO ,+ H,0 +2¢
Cathode: 2H,0 +2¢ — H,+20H (2.20)
Overall reaction: HCOOH — H,+CO,

Figure 2.7 demonstrates the scheme of electricity generation via the combined
use of alkaline hydroxide (sodium hydroxide) for the electrolysis of formic acid
(HCOOH) and fuel cell. The separation of H, and CO, is desired prior to injection
in the fuel cell.
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Fig. 2.7 Electricity generation using alkaline hydroxide (NaOH) for the electrolysis of HCOOH
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2.2.5.2 Formaldehyde (HCHO)

An aqueous solution of formaldehyde reacts with sodium hydroxide to produce
small amounts of hydrogen [74]. The generation of hydrogen competes with the
disproportionation of formaldehyde to form corresponding alcohol and acid
[75, 76]. Further, Ashby et al. [77] proposed a mechanistic explanation of this
process. The mechanism indicates that one hydrogen atom originates from the water
and the other from the organic moiety. According to an experimental study, when a
dilute solution of formaldehyde (4 x 10~* m) reacts with concentrated sodium
hydroxide (19 m) at room temperature, hydrogen is produced in a significant
amount [77]. However, when concentrated solution of formaldehyde interacts with
dilute sodium hydroxide solution, only a trace amount of hydrogen is produced.
Moreover, when a solution of hydrogen peroxide mixes with formaldehyde and
sodium hydroxide, hydrogen is generated again [78]. Hydrogen peroxide oxidizes
formaldehyde to formic acid and sodium hydroxide further neutralizes the acid.

H,0, -+ 2HCHO + 2NaOH = 2HCOONa + H, + 2H,0 (2.21)

However, no trace of hydrogen is observed in the absence of sodium hydroxide
[79, 80]. The reaction (2.21) is limited by slow kinetics and requires a large excess
of alkali hydroxide. When hydrogen peroxide is replaced by cuprous oxide,
hydrogen is generated in a quantitative amount.

2.3 Conclusion

Sodium hydroxide locks CO, in the form of valuable chemical compound, Na,COs;.
The use of sodium hydroxide for the production of hydrogen results in high
hydrogen generation rates, lower operation temperatures, and overall reduction in
carbon emission. Apparently, sodium hydroxide has significant role to play for the
methods using either renewable or non-renewable energy sources. But the energy-
intensive production method of sodium hydroxide (electrolysis of brine) limits its
application at a large scale. Thus, it will be of a great interest to invent or modify a
method that can produce sodium hydroxide using renewable resources such as solar
energy, water, and wind. Moreover, new hydrogen generation concepts that can
replace sodium hydroxide with industrial hazards or waste should also be explored.
In the following chapter, a detail for the role of sodium hydroxide to the industrial
hydrogen production technologies such as SMR and coal gasification is provided.
The chapter also presents the effect of different catalysts over the kinetics of these
modified reactions.



26

2 Sodium Hydroxide for Clean Hydrogen Production

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Gupta RB (2009) Hydrogen fuel: production, transport, and storage, Chapter 2. CRC Press,

Boca Raton

. Audus H, Kaarstad O, Kowal M (1996) Decarbonization of fossil fuels: hydrogen as an energy

vector. In: Proceedings of 11th world hydrogen energy conference. Stuttgart, Germany

. Reichman B, Mays W, Strebe J, Fetcenko M (2010) Ovonic renewable hydrogen (ORH)—low

temperature hydrogen from renewable fuels. Int J Hydrogen Energy 35:4918-4924. doi:10.
1016/j.ijhydene.2009.08.097

. Onwudili JA, Williams PT (2009) Role of sodium hydroxide in the production of hydrogen

gas from the hydrothermal gasification of biomass. Int J Hydrogen Energy 34:5645-5656.
doi:10.1016/j.ijhydene.2009.05.082

. Kamo T, Takaoka K, Otomo J, Takahashi H (2006) Effect of steam and sodium hydroxide for

the production of hydrogen on gasification of dehydrochlorinated poly(vinyl) chloride. Fuel
85:1052-1059. doi:10.1016/j.fuel.2005.10.002

. Kumar S, Saxena SK (2013) Role of sodium hydroxide for hydrogen gas production and

storage. In: Mendez-Vilas A (ed) Materials and processes for energy: communicating current
research and technological developments. Formatex Research Center, Spain

. Probstein RF, Hicks RE (2000) Synthetic fuels, Chap 2. Dover, New York
. Muradov N (2009) Production of hydrogen from hydrocarbons. In: Gupta R (ed) Hydrogen

fuel, production, transport and storage. Boca Raton, FL

. Armor J (1999) The multiple roles for catalysis in the production of H,. Appl Catal A General

176:159-176. doi:10.1016/S0926-860X(98)00244-0

Gupta H, Mahesh I, Bartev S, Fan LS (2004) Enhanced hydrogen production integrated with
CO, separation in a single-stage reactor; DOE contract no: DE FC26-03NT41853. Columbus
Ziock H-J, Lackner KS, Harrison DP (2001) Zero emission coal power, a new concept. In:
Proceedings of 1st national conference on carbon sequestration. Washington

Stowinski G (2006) Some technical issues of zero-emission coal technology. Int J Hydrogen
Energy 31:1091-1102. doi:10.1016/j.ijhydene.2005.08.012

Cormos CC, Starr F, Tzimas E, Peteves S (2008) Innovative concept for hydrogen production
processes based on coal gasification with CO, capture. Int J Hydrogen Energy 33:1286-1294.
doi:10.1016/j.ijhydene.2007.12.048

Chiesa P, Consonni S, Kreutz T, Williams R (2005) Co-production of hydrogen, electricity
and CO, from coal with commercially ready technology. Part A: performance and emissions.
Int J Hydrogen Energy 30:747-767. doi:10.1016/j.ijhydene.2004.08.002

Wang Z, Zhou J, Wang Q, Fan J, Cen K (2006) Thermodynamic equilibrium analysis of
hydrogen production by coal based on Coal/CaO/H,O gasification system. Int J Hydrogen
Energy 31:945-952. doi:10.1016/j.ijhydene.2005.07.010

Boswell MC, Dickson JV (1918) The fusion of sodium hydroxide with some inorganic salts.
J Am Chem Soc 40:1779-1786. doi:10.1021/ja02245a003

Saxena S, Kumar S, Drozd V (2011) A modified steam-methane-reformation reaction for
hydrogen production. Int J Hydrogen Energy 36:4366-4369. doi:10.1016/j.ijhydene.2010.12.
133

Saxena S, Drozd V, Durygin A (2008) A fossil-fuel based recipe for clean energy. Int J Hyd
Energy 33:3625-3631. doi:10.1016/j.ijhydene.2008.04.050

Ishida M, Takenaka S, Yamanaka I, Otsuka K (2006) Production of CO4-free hydrogen from
biomass and NaOH mixture: effect of catalysts. Energy Fuels 20:748-753. doi:10.1021/
ef050282u

Minowa T, Fang Z, Ogi T, Varhegyi G (1998) Decomposition of cellulose and glucose in hot-
compressed water under catalyst-free conditions. J Chem Eng Jpn 31:131-134. doi:10.1252/
jeej.31.131


http://dx.doi.org/10.1016/j.ijhydene.2009.08.097
http://dx.doi.org/10.1016/j.ijhydene.2009.08.097
http://dx.doi.org/10.1016/j.ijhydene.2009.05.082
http://dx.doi.org/10.1016/j.fuel.2005.10.002
http://dx.doi.org/10.1016/S0926-860X(98)00244-0
http://dx.doi.org/10.1016/j.ijhydene.2005.08.012
http://dx.doi.org/10.1016/j.ijhydene.2007.12.048
http://dx.doi.org/10.1016/j.ijhydene.2004.08.002
http://dx.doi.org/10.1016/j.ijhydene.2005.07.010
http://dx.doi.org/10.1021/ja02245a003
http://dx.doi.org/10.1016/j.ijhydene.2010.12.133
http://dx.doi.org/10.1016/j.ijhydene.2010.12.133
http://dx.doi.org/10.1016/j.ijhydene.2008.04.050
http://dx.doi.org/10.1021/ef050282u
http://dx.doi.org/10.1021/ef050282u
http://dx.doi.org/10.1252/jcej.31.131
http://dx.doi.org/10.1252/jcej.31.131

References 27

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Muangrat R, Onwudili JA, Williams PT (2010) Alkali-promoted hydrothermal gasification of
biomass food processing waste: a parametric study. Int J Hydrogen Energy 35:7405-7415.
doi:10.1016/j.ijhydene.2010.04.179

Minowa T, Fang Z (1998) Hydrogen production from cellulose in hot compressed water using
reduced nickel catalyst: product distribution at different reaction temperatures. J Chem Eng
Jpn 31:488-491. doi:10.1016/S0920-5861(98)00277-6

Wang J, Zhang M, Chen M, Min F, Zhang S, Ren Z, Yan Y (2006) Catalytic effects of six
inorganic compounds on pyrolysis of three kinds of biomass. Thermochim Acta 444:110-114.
doi:10.1016/j.tca.2006.02.007

Su S, Li W, Bai Z, Xiang H, Bai J (2010) Production of hydrogen by steam gasification from
lignin with Al,05-Na,O-xH,O/NaOH/AI(OH); catalyst. J Fuel Chem Technol 238:270-274.
doi:10.1016/S1872-5813(10)60032-1

Su S, Li W, Bai Z, Xiang H (2008) A preliminary study of a novel catalyst
Al,03-Na,0-xH,0/NaOH/AI(OH); for production of hydrogen and hydrogen-rich gas by
steam gasification from cellulose. Int J Hydrogen Energy 33:6947-6952. doi:10.1016/j.
ijhydene.2008.09.003

Williams DD, Grand JA, Miller RR (1956) The reactions of molten sodium hydroxide with
various metals. ] Am Chem Soc 78:5150-5155. doi:10.1021/ja01601a004

Annual Report National Advisory Committee for aeronautics (1934) Washington

Wang HZ, Leung DYC, Leung MKH, Ni M (2009) A review on hydrogen production using
aluminum and aluminum alloys. Renew Sustain Energy Rev 13:845-853. doi:10.1016/j.rser.
2008.02.009

Belitskus D (1970) Reaction of aluminum with sodium hydroxide solution as a source of
hydrogen. J Electrochem Soc 117:1097-1099. doi:10.1149/1.2407730

Jung CR, Kundu A, Ku B, Gil JH, Lee HR, Jang JH (2008) Hydrogen from aluminum in a
flow reactor for fuel cell applications. J Power Sources 175:490-494. doi:10.1016/j.jpowsour.
2007.09.064

Deng ZY, Tang YB, Zhu LL, Sakka Y, Ye J (2010) Effect of different modification agents on
hydrogen-generation by the reaction of Al with water. Int J Hydrogen Energy 35:9561-9568.
doi:10.1016/j.ijhydene.2010.07.027

Dupiano P, Stamatis D, Dreizin EL (2011) Hydrogen production by reacting water with
mechanically milled composite aluminum metal oxide powders. Int J Hydrogen Energy
36:4781-4791. doi:10.1016/j.ijhydene.2011.01.062

Skrovan J, Alfantazi A, Troczynski T (2009) Enhancing aluminum corrosion in water. J Appl
Electrochem 39:1695-1702. doi:10.1007/s10800-009-9862-x

Soler L, Macana’s J, Mun“oz M, Casado J (2005) Hydrogen generation from aluminum in a
non-consumable potassium hydroxide solution. In: Proceedings of international hydrogen
energy congress and exhibition IHEC. Istanbul, Turkey

Wang W, Chen DM, Yang K (2010) Investigation on microstructure and hydrogen generation
performance of Al-rich alloys. Int J Hydrogen Energy 35:12011-12019. doi:10.1016/j.
ijhydene.2010.08.089

Ziebarth JT, Woodall JM, Kramer RA, Choi G (2011) Liquid phase enabled reaction of Al-Ga
and Al-Ga-In-Sn alloys with water. Int J Hydrogen Energy 36:5271-5279. doi:10.1016/j.
ijhydene.2011.01.127

Fan MQ, Xu F, Sun LX (2007) Hydrogen generation by hydrolysis reaction of ball-milled
Al-Bi alloys. Energy Fuels 21:2294-2298. doi:10.1021/ef0700127

Ilyukhina AV, Kravchenko OV, Bulychev BM, Shkolnikov EI (2010) Mechanochemical
activation of aluminum with galliams for hydrogen evolution from water. Int J Hydrogen
Energy 35:1905-1910. doi:10.1016/j.ijhydene.2009.12.118

Aleksandrov YA, Tsyganova EI, Pisarev AL (2003) Reaction of aluminum with dilute
aqueous NaOH solutions. Russ J General Chem 73:689-694. doi:10.1023/A:1026114331597
Zhuk AZ, Sheindlin AE, Kleymenov BV (2006) Use of low-cost aluminum in electric energy
production. J Power Sour 157:921-926. doi:10.1016/j.jpowsour.2005.11.097


http://dx.doi.org/10.1016/j.ijhydene.2010.04.179
http://dx.doi.org/10.1016/S0920-5861(98)00277-6
http://dx.doi.org/10.1016/j.tca.2006.02.007
http://dx.doi.org/10.1016/S1872-5813(10)60032-1
http://dx.doi.org/10.1016/j.ijhydene.2008.09.003
http://dx.doi.org/10.1016/j.ijhydene.2008.09.003
http://dx.doi.org/10.1021/ja01601a004
http://dx.doi.org/10.1016/j.rser.2008.02.009
http://dx.doi.org/10.1016/j.rser.2008.02.009
http://dx.doi.org/10.1149/1.2407730
http://dx.doi.org/10.1016/j.jpowsour.2007.09.064
http://dx.doi.org/10.1016/j.jpowsour.2007.09.064
http://dx.doi.org/10.1016/j.ijhydene.2010.07.027
http://dx.doi.org/10.1016/j.ijhydene.2011.01.062
http://dx.doi.org/10.1007/s10800-009-9862-x
http://dx.doi.org/10.1016/j.ijhydene.2010.08.089
http://dx.doi.org/10.1016/j.ijhydene.2010.08.089
http://dx.doi.org/10.1016/j.ijhydene.2011.01.127
http://dx.doi.org/10.1016/j.ijhydene.2011.01.127
http://dx.doi.org/10.1021/ef0700127
http://dx.doi.org/10.1016/j.ijhydene.2009.12.118
http://dx.doi.org/10.1023/A:1026114331597
http://dx.doi.org/10.1016/j.jpowsour.2005.11.097

28

41.

42.

43.

44,

45

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

2 Sodium Hydroxide for Clean Hydrogen Production

Stockburger D, Stannard JH, Rao BML, Kobasz W, Tuck CD (1992) On-line hydrogen
generation from aluminum in an alkaline solution. In: Proc Symp Hydrogen Storage Mater,
Batteries Electrochem 92:431-444

Soler L, Macana’s J, Mun“oz M, Casado J (2007) Aluminum and aluminum alloys as sources
of hydrogen for fuel cell applications. J Power Sour 169:144-149. doi:10.1016/j.jpowsour.
2007.01.080

Marti'nez SS, Beni'tesa WL, Gallegosa A, Sebastia’'n PJ (2005) Recycling of aluminum to
produce green energy. Solar Energy Mater Solar Cells 88:237-243. doi:10.1016/j.jsolmat.
2004.09.022

Yalcin S (1989) A review of nuclear hydrogen production. Int J] Hydrogen Energy 14:551-561.
doi:10.1016/0360-3199(89)90113-4

. Abanades S, Charvin P, Flamant G, Neveu P (2006) Screening of water-splitting

thermochemical cycles potentially attractive for hydrogen production by concentrated solar
energy. Energy 31:2805-2822. doi:10.1016/j.energy.2005.11.002

Holladay JD, Hu J, King DL, Wang Y (2009) An overview of hydrogen production
technologies. Catal Today 139:244-260. doi:10.1016/j.cattod.2008.08.039

Nakamura T (1977) Hydrogen production from water utilizing solar heat at high temperatures.
Sol Energy 19:467-475. doi:10.1016/0038-092X(77)90102-5

Sibieude F, Ducarroir M, Tofighi A, Ambriz J (1982) High temperature experiments with a
solar furnace: the decomposition of Fe;04, Mn;O4 CdO. Int J Hydrogen Energy 7:79-88.
doi:10.1016/0360-3199(82)90209-9

Ambriz JJ, Ducarroir M, Sibieude F (1982) Preparation of cadmium by thermal dissociation of
cadmium oxide using solar energy Int J Hydrogen Energy 7:143-153. doi:10.1016/0360-3199
(82)90141-0

Weidenkaff A, Steinfeld A, Wokaun A, Auer PO, Eichler B, Reller A (1999) Direct solar
thermal dissociation of zinc oxide: condensation and crystallisation of zinc in the presence of
oxygen. Sol Energy 65:59-69. doi:10.1016/S0038-092X(98)00088-7

Lundberg M (1993) Model calculations on some feasible two-step water splitting processes.
Int J Hydrogen Energy 18:369-376. doi:10.1016/0360-3199(93)90214-U

O’Keefe D, Allen C, Besenbruch G, Brown L, Norman J, Sharp R (1982) Preliminary results
from bench-scale testing of a sulfur-iodine thermochemical water-splitting cycle. Int J
Hydrogen Energy 7:381-392. doi :10.1016/0360-3199(82)90048-9

Sakurai M, Nakajima H, Amir R, Onuki K, Shimizu S (2000) Experimental study on side-
reaction occurrence condition in the iodine-sulfur thermochemical hydrogen production
process. Int J Hydrogen Energy 25:613-619. doi:10.1016/S0360-3199(99)00074-9

Kubo S, Nakajima H, Kasahara S, Higashi S, Masaki T, Abe H (2004) A demonstration study
on a closed-cycle hydrogen production by the thermochemical water-splitting iodine sulfur
process. Nucl Eng Des 233:347-354. doi:10.1016/j.nucengdes.2004.08.025

Kameyama H, Yoshida K (1981) Reactor design for the UT-3 thermochemical hydrogen
production process. Int J Hydrogen Energy 6:567-575. doi:10.1016/0360-3199(81)90022-7
Kameyama H, Tomino Y, Sato T, Amir R, Orihara A, Aihara M (1989) Process simulation of
“Mascot” plant using the UT-3 thermochemical cycle for hydrogen production. Int J Hydrogen
Energy 14:323-330. doi:10.1016/0360-3199(89)90133-X

Sakurai M, Bilgen E, Tsutsumi A, Yoshida K (1996) Adiabatic UT-3 thermochemical process
for hydrogen production. Int J Hydrogen Energy 21:865-870. doi:10.1016/0360-3199(96)
00024-9

Miyoka H, Ichikawa T, Nakamura N, Kojima Y (2012) Low temperature water splitting by
sodium redox reaction. Int J Hydrogen Energy 37:17709-17714. doi:10.1016/j.ijhydene.2012.
09.085

Weimer A (2008) H2A analysis for Manganese oxide based solar thermal water splitting
cycle. University of Colorado STCH, Denver

Tamura Y, Steinfeld A, Kuhn P, Ehrensberger K (1995) Production of solar hydrogen by a
novel, 2-step, water-splitting thermochemical cycle. Energy 20:325-330. doi:10.1016/0360-
5442(94)00090-O


http://dx.doi.org/10.1016/j.jpowsour.2007.01.080
http://dx.doi.org/10.1016/j.jpowsour.2007.01.080
http://dx.doi.org/10.1016/j.jsolmat.2004.09.022
http://dx.doi.org/10.1016/j.jsolmat.2004.09.022
http://dx.doi.org/10.1016/0360-3199(89)90113-4
http://dx.doi.org/10.1016/j.energy.2005.11.002
http://dx.doi.org/10.1016/j.cattod.2008.08.039
http://dx.doi.org/10.1016/0038-092X(77)90102-5
http://dx.doi.org/10.1016/0360-3199(82)90209-9
http://dx.doi.org/10.1016/0360-3199(82)90141-0
http://dx.doi.org/10.1016/0360-3199(82)90141-0
http://dx.doi.org/10.1016/S0038-092X(98)00088-7
http://dx.doi.org/10.1016/0360-3199(93)90214-U
http://dx.doi.org/10.1016/0360-3199(82)90048-9
http://dx.doi.org/10.1016/S0360-3199(99)00074-9
http://dx.doi.org/10.1016/j.nucengdes.2004.08.025
http://dx.doi.org/10.1016/0360-3199(81)90022-7
http://dx.doi.org/10.1016/0360-3199(89)90133-X
http://dx.doi.org/10.1016/0360-3199(96)00024-9
http://dx.doi.org/10.1016/0360-3199(96)00024-9
http://dx.doi.org/10.1016/j.ijhydene.2012.09.085
http://dx.doi.org/10.1016/j.ijhydene.2012.09.085
http://dx.doi.org/10.1016/0360-5442(94)00090-O
http://dx.doi.org/10.1016/0360-5442(94)00090-O

References 29

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Sturzenegger M, Ganz J, Niiesch P, Schelling T (1999) Solar hydrogen from a manganese
oxide based thermochemical cycle. J de Phys Arch 09:Pr3-331-Pr3-335. doi:10.1051/jp4:
1999351

Xu B, Bhawe Y, Davis ME (2012) Low-temperature, manganese oxide-based, thermochemical
water splitting cycle. Proc Natl Acad Sci 109:9260-9264. doi:10.1073/pnas.1206407109
Leitner W, Dinjus E, GaBiner F (1994) Activation of carbon dioxide: IV. Rhodium-catalysed
hydrogenation of carbon dioxide to formic acid. J Organomet Chem 475:257-266. doi:10.
1016/0022-328X(94)84030-X

Coffey RS (1967) The decomposition of formic acid catalysed by soluble metal complexes.
Chem Commun 18:923b-924. doi:10.1039/C1967000923B

Yoshida T, Ueda Y, Otsuka S (1978) Activation of water molecule. 1. Intermediates bearing
on the water gas shift reaction catalyzed by platinum (0) complexes. J Am Chem Soc
100:3941-3942. doi:10.1021/ja00480a054

Paonessa RS, Trogler WC (1982) Solvent-dependent reactions of carbon dioxide with a
platinum (II) Dihydride reversible formation of a platinum(II) formatohydride and a cationic
platinum(IT) dimer, [Pt2H3(PEt3)4][HCO2]. J] Am Chem Soc 104:3529-3530. doi:10.1021/
ja00376a058

Joszai 1, Joo F (2004) Hydrogenation of aqueous mixtures of calcium carbonate and carbon
dioxide using a water-soluble rhodium(I)—tertiary phosphine complex catalyst. J Mol Catal A:
Chem 224:87-91. doi:10.1016/j.molcata.2004.08.045

Gao Y, Kuncheria JK, Yap GPA, Puddephatt RJ (1998) An efficient binuclear catalyst for
decomposition of formic acid. Chem Commun 21:2365-2366. doi:10.1039/A805789C

Shin JH, Churchill DG, Parkin G (2002) Carbonyl abstraction reactions of Cp*Mo(PMe3);H
with CO,, (CH,0),, HCO,H, and MeOH: the synthesis of Cp*Mo(PMes),(CO)H and the
catalytic decarboxylation of formic acid. J Organomet Chem 642:9-15. doi:10.1016/S0022-
328X(01)01218-9

Loges B, Boddien A, Gartner F, Junge H, Beller M (2010) Catalytic generation of hydrogen
from formic acid and its derivatives: useful hydrogen storage materials. Top Catal 53:902—
914. doi:10.1007/s11244-010-9522-8

Fukuzumi S, Suenobu T, Ogo S. Catalysts for the decomposition of formic acid, method for
decomposing formic acid, process for producing hydrogen, apparatus for producing and
decomposing formic acid, and method for storing and producing hydrogen, US Patent
application no. US2010/ 0034733 Al

Guo WL, Li L, Li LL, Tian S, Liu SL, Wu YP (2011) Hydrogen production via electrolysis of
aqueous formic acid solutions. Int J Hydrogen Energy 36:9415-9419. doi:10.1016/j.ijhydene.
2011.04.127

Majewski A, Morris DJ, Kendall K, Wills M (2010) A continuous-flow method for the
generation of hydrogen from formic acid. ChemSusChem 3:431-434. doi:10.1002/cssc.
201000017

Loew O (1887) Ueber einige katalytische Wirkungen. Berichte der deutschen chemischen
Gesellscha 20:144-145

Kapoor S, Naumov S (2004) On the origin of hydrogen in the formaldehyde reaction in
alkaline solution. Chem Phys Lett 387:322-326. doi:10.1016/j.cplett.2004.01.127

Ansell MF, Coffey S, Rodd EH (1965) Rodd’s chemistry of carbon compounds Elsevier. Page,
Amsterdam 11

Ashby EC, Doctorovich F, Liotta CL, Neumann HM, Barefield EK, Konda A, Zhang K,
Hurley J, Siemer DD (1993) Concerning the formation of hydrogen in nuclear waste.
Quantitative generation of hydrogen via a Cannizzaro intermediate. J Am Chem Soc
115:1171-1173. doi:10.1021/j7a00056a065

Harden A (1899) Formaldehyde, action of hydrogen peroxide on. J Soc Chem Indus 15:158-
159

Satterfield CN, Wilson RE, Le Clair RM, Reid RC (1954) Analysis of aqueous mixtures of
hydrogen peroxide and aldehydes. Anal Chem 26:1792-1797. doi:10.1021/ac60095a030


http://dx.doi.org/10.1051/jp4:1999351
http://dx.doi.org/10.1051/jp4:1999351
http://dx.doi.org/10.1073/pnas.1206407109
http://dx.doi.org/10.1016/0022-328X(94)84030-X
http://dx.doi.org/10.1016/0022-328X(94)84030-X
http://dx.doi.org/10.1039/C1967000923B
http://dx.doi.org/10.1021/ja00480a054
http://dx.doi.org/10.1021/ja00376a058
http://dx.doi.org/10.1021/ja00376a058
http://dx.doi.org/10.1016/j.molcata.2004.08.045
http://dx.doi.org/10.1039/A805789C
http://dx.doi.org/10.1016/S0022-328X(01)01218-9
http://dx.doi.org/10.1016/S0022-328X(01)01218-9
http://dx.doi.org/10.1007/s11244-010-9522-8
http://dx.doi.org/10.1016/j.ijhydene.2011.04.127
http://dx.doi.org/10.1016/j.ijhydene.2011.04.127
http://dx.doi.org/10.1002/cssc.201000017
http://dx.doi.org/10.1002/cssc.201000017
http://dx.doi.org/10.1016/j.cplett.2004.01.127
http://dx.doi.org/10.1021/ja00056a065
http://dx.doi.org/10.1021/ac60095a030

30

80

81.

82.

83.

84.

2 Sodium Hydroxide for Clean Hydrogen Production

. Gorse RA, Volman DH (1971) Analysis of mixtures of hydrogen peroxide and formaldehyde.

Anal Chem 43:284-284. doi:10.1021/ac60297a031

Kurt C, Bittner J (2006) Sodium hydroxide: Ullman’s encyclopedia of industrial chemistry.
doi:10.1002/14356007.a24_345.pub2

Kumar S (2013) Clean hydrogen production and carbon dioxide capture methods. FIU
electronic theses and dissertations paper 1039. http://digitalcommons.fiu.edu/etd/1039
Kreider PB, Funke HH, Cuche K, Schmidt M, Steinfeld A, Weimer AW (2011) Manganese
oxide based thermochemical hydrogen production cycle. Int J Hydrogen Energy 36:7028-7037.
doi:10.1016/j.ijhydene.2011.03.003

Charvin P, Abanades S, Beche E, Lemont F, Flamant G (2009) Hydrogen production from
mixed cerium oxides via three-step water-splitting cycles. Solid State Ionics 180:1003-1010.
doi:10.1016/j.551.2009.03.015


http://dx.doi.org/10.1021/ac60297a031
http://dx.doi.org/10.1002/14356007.a24_345.pub2
http://digitalcommons.fiu.edu/etd/1039
http://dx.doi.org/10.1016/j.ijhydene.2011.03.003
http://dx.doi.org/10.1016/j.ssi.2009.03.015

2 Springer
http://www.springer.com/978-3-319-14086-5

Clean Hydrogen Production Methods
Kumar, S.

2015, ¥Il, 66 p. 25 illus., 2 illus. in color., Softcover
ISBMN: 278-3-319-14086-5



	2 Sodium Hydroxide for Clean Hydrogen Production
	Abstract
	2.1 Introduction
	2.1.1 Overview of Sodium Hydroxide (NaOH)

	2.2 Hydrogen Production
	2.2.1 Fossil Fuels
	2.2.2 Biomass
	2.2.3 Metals
	2.2.4 Water-Splitting Thermochemical Cycle
	2.2.5 Organic Compounds
	2.2.5.1 Formic Acid (HCOOH)
	2.2.5.2 Formaldehyde (HCHO)


	2.3 Conclusion
	References


